The SnO 2 -RuO 2 mixed films are prepared by successive ionic layer adsorption and reaction (SILAR) method. The SnO 2 films combined with RuO 2 are prepared by varying the deposition cycles of SILAR. The effect of combining SnO 2 with RuO 2 on structural, morphological and electrochemical properties is studied. It is observed that the crystalline nature of SnO 2 changed to amorphous with increase in RuO 2 deposition cycles. The morphology is also changed from fibrous-porous to compact after increasing RuO 2 deposition cycles. The specific capacitance of SnO 2 is increased from 4 to 185 F/g after combined with RuO 2 . The maximum utilization of RuO 2 is observed with specific capacitance of 1010 F/g.
Introduction
Electrochemical capacitors or supercapacitors have the considerable attraction in recent years due to the growing demand of power sources. Supercapacitors have the wide range of applications in various areas such as hybrid electric vehicles, telecommunications, particularly associated with cellular phones for a reduction of the size of the batteries [1] , memory protection of computer electronics [2, 3] , etc. Supercapacitors are divided into two categories according to the principles involved in energy storage, namely [4] (1) electric double layer capacitor (EDLC) and (2) pseudocapacitor. The energy in EDLC is stored across the double layer formed at the interface between an electrode and the electrolyte, while in the case of pseudocapacitor it is based upon the reversible Faradaic reactions taking place at the interface between the electrode and electrolyte in an appropriate potential range. The EDLC's are based on carbon materials with high surface area, while pseudocapacitors are based on metal oxides and conducting polymers.
Recently extensive research is focused on the supercapacitor behavior of metal oxide electrodes. Among the various metal oxides, the hydrous form of RuO 2 has shown excellent supercapacitive behavior. The high specific capacitance is attributed to proton intercalation into the bulk material of hydrous RuO 2 [5] [6] [7] [8] .
Although RuO 2 is more promising material for supercapacitors, it has the disadvantage of very high cost and toxic nature, which limits its commercial use. Therefore, several studies are going on combining RuO 2 with other materials such as VO x , TiO 2 , NiO, WO 3 , SnO 2, etc., to minimize the use of Ru precursors and hence to decrease the cost of the precious metal. It is observed that addition of SnO 2 in RuO 2 matrix increases the utilization of Ru species and enhance the electrochemical stability. Moreover, SnO 2 has same rutile structure as RuO 2 with lattice parameters of both quite similar to each other (SnO 2 , a = b = 4.7382 Å and c = 3.1871 Å; RuO 2 , a = b = 4.4994 Å and c = 3.1071 Å) [9] . Hu et al. used the modified sol-gel process for deposition of ruthenium-tin oxide composites with a maximum specific capacitance of 690 F/g [10] . Kim et al. used a DC reactive sputtering method for the preparation of the composite RuO 2 -SnO 2 electrode which showed a maximum specific capacitance of 88.8 F/g [11] . Wang and Hu adopted a mild hydrothermal process to synthesize hydrous ruthenium oxide-tin oxide composites ((Ru-Sn)O 2 nH 2 O where a maximum specific 1 Page 2 of 9 capacitance is 830 F/g [12] . A composite tin oxide-ruthenium oxide supercapacitor electrode synthesized by cyclic voltammetric plating of RuO 2 onto a porous and highly conductive SnO 2 showed a specific capacitance of 930 F/g [13] . A specific capacitance of 150 F/g was observed for SnO 2 -RuO 2 composite thin films prepared by chemical bath deposition [14] .
In the present study we have adopted successive ionic layer adsorption and reaction (SILAR) method which has various merits such as a low-temperature synthesis for deposition of metal oxides, simple and inexpensive, excellent material utilization efficiency, good control over deposition process along with film thickness, etc. [15] . In the present investigation, we report on the synthesis of SnO 2 -RuO 2 mixed films by SILAR method and its electrochemical properties.
Materials and methods

Preparation of SnO 2 -RuO 2 mixed films
The SnO 2 -RuO 2 mixed thin films are deposited on stainless substrates by SILAR method using the 5-beakers system. The schematic experimental setup for deposition is shown in Fig. 1a .
The cationic solutions of 0.05 M stannous chloride (SnCl 2 ·2H 2 O) and 0.01 M ruthenium chloride (RuCl 3 ·xH 2 O) are taken in separate beakers as sources of tin (Sn 4+ ) and ruthenium (Ru 3+ ) ions, respectively. The anionic solutions consist of 1% H 2 O 2 and hot water maintained at 343 K as sources of oxygen and OH − ion, respectively. To vary the content of SnO 2 and RuO 2 in the mixed film, the cycle ratio of SnO 2 :RuO 2 deposition is varied. The SnO 2 -RuO 2 mixed films of 3:2, 1:1, 1:3 and 2:3 cycle ratios are named as S1, S2, S3 and S4 and used in further studies. 
Characterization techniques
X-ray diffraction patterns are obtained using a Philips (PW-3710) diffractometer with a Cr Kα (λ = 2.2870 Å) target, to study the structural property of films, The FT-Raman spectrograms are obtained using Bruker make Raman spectrophotometer. The microstructure of the films is observed using field emission scanning electron microscopy (FE-SEM) (JSM 7100F). The electrochemical study is performed in a threeelectrode configuration cell consisting of the SnO 2 3 ) is observed in RuCl 3 solution without RuO 2 film formation. Therefore, it is necessary to rinse the substrate in double-distilled water after SnO 2 film formation.
The mechanism for RuO 2 film formation is same as described by Patake and Lokhande [16] . This completes the one cycle for the SnO 2 -RuO 2 mixed film formation. The mixed films of various cycle ratios are prepared by keeping the total number of cycles constant.
As the method employed in this work is low-temperature synthesis method with deposition directly from solution in the form of thin film, it is somewhat difficult to predict how much SnO 2 and RuO 2 will be involved in the deposition process like other chemical methods wherein weighed amount of elements is mixed into each other to form required composite. The techniques like EDAX will only give an idea about elements present but not the weight fraction. The XRD curves are also not useful as one of the phase RuO 2 is in the amorphous form. Due to unavailability of other techniques, in this work we have adopted a simple method to estimate the mass of SnO 2 , RuO 2 and mass fraction in the mixed films. Each sample has certain cycles of SnO 2 and RuO 2 depositions. First we measured the mass of bare substrate and on it SnO 2 deposition is carried out as per given cycle ratio. The substrate coated with SnO 2 is weighed thereafter. This gives the approximate estimation of how much SnO 2 is deposited in the one cycle; thereafter, same procedure is
followed with RuO 2 to get an idea about how much mass of RuO 2 is deposited during one cycle. After the required number of cycles for given sample the total mass of the sample is measured. Using this total mass of mixed films and total number of deposition cycles of only SnO 2 /RuO 2 the approximate mass of SnO 2 /RuO 2 in the mixed film is calculated. The total mass of mixed films and mass fraction of SnO 2 and RuO 2 are given in Table 1 .
Structural analysis
The X-ray diffraction patterns of SnO 2 -RuO 2 mixed films with various cycle ratios are presented in Fig. 2 . The XRD pattern of sample S1 is shown in Fig. 2a) , from which the broad diffraction peaks are observed at the 2θ = 39.06° and 50.92° which corresponds to the cassiterite SnO 2 for (1 1 0) and (1 0 1) planes, respectively (JCPDS card no. 77-0452).
No diffraction peaks for RuO 2 are observed, which might be due to the formation of amorphous RuO 2 . The formation of amorphous RuO 2 is mainly observed in the low-temperature chemical synthesis [16, 17] . For the sample S2, the XRD pattern in Fig. 2b ) showed the broader diffraction at the above angles as compared with sample S1 that revealed the formation of oxide in nanometer scale. In the case of samples S3 and S4 no broader diffractions are observed (Fig. 2c,  d ) which may be due to the increased RuO 2 content in the film, which leads to the formation of the amorphous phase. The diffraction peaks observed in these two samples are due to the stainless steel substrate. Thus, the XRD studies revealed the transition from nanocrystal line to amorphous phase of mixed films with the increase in RuO 2 content in the film.
FT-Raman study
The typical Raman spectra of SnO 2 , RuO 2 , and SnO 2 -RuO 2 mixed films are shown in Fig. 3 . Figure 3a shows the Raman spectrum of SnO 2 with Raman shifts at 620 and 777 cm −1 corresponding to the crystallites of SnO 2 with a tetragonal rutile structure (i.e. A 1g and B 2g ) [18] . The Raman shift at 564 cm −1 corresponds to amorphous SnO 2 . The other Raman shifts observed at 248 and 324 cm −1 correspond to the N group vibration modes of SnO 2 nanocrystallites, which are referred to a large number of vacant lattice positions and local lattice disorders [18] . In Fig. 3b Raman shifts are observed at 526, and 640 cm −1 corresponding to the E g and A 1g vibration modes of RuO 2 [19] . The Raman spectrum of the SnO 2 -RuO 2 mixed film is shown in Fig. 3c . In curve c, the shifts at 634 and 703 cm −1 correspond to crystalline RuO 2 (i.e. A 1g and B 2g ) in the rutile form, whereas as the Raman shift at 558 cm −1 is due to the amorphous SnO 2 . In comparison with Fig. 3a , b the shift in positions in Fig. 3c for SnO 2 and RuO 2 observed is due to the quantum effects of the decrease in particle size [20] . However, the certain new shifts observed in Fig. 3c might be due to the SnO 2 -RuO 2 mix state formation [21] .
Surface morphological and composition studies
The effect of various cycle ratios of SnO 2 -RuO 2 on the surface morphology of mixed films is studied using scanning electron microscopy. Figure 4 shows the SEM images of mixed films for various cycle ratios. From the SEM image of sample S1 (3:2) (Fig. 4a) , the irregularly arranged agglomerates forming a rough surface with porous morphology is observed. The SEM image of sample S2 (1:1) is shown in Fig. 4b from which well-covered surface of the nanocrystallites is observed; further these nanocrystallites are arranged in such a way that highly porous and fibrous structure is formed. The morphology showed the decrease in the porous structure of the film compared with the morphology of sample S1. The SEM image of sample S3 (1:3) showed larger agglomerates with comparatively smooth morphology (Fig. 4c) . The SEM image of sample S4 (2:3) shows the small agglomerates covered over the entire substrate surface with less porous morphology (Fig. 4d) . The SEM images strongly confirm the dependence of morphology of mixed film on SnO 2 -RuO 2 cycle ratio. It is observed that the mixed film with higher RuO 2 cycle (sample S3) has a smooth morphology with less porous structure. On the other hand, the film with higher SnO 2 cycle is highly porous (sample S1 and S2). It is observed that the addition of SnO 2 into RuO 2 increases the effective surface area of the net material. As confirmed by the XRD studies, the samples S1 and S2 have smaller crystallites in the nanometer range, which results in the high surface area by offering the porous morphology. Figure 4e) shows EDAX studies of mixed thin films for different cycle ratio and Table 2 gives the atomic percentage of Sn, Ru and O present in the sample. It is observed that the atomic percentage of Sn and Ru varies as a function of ratio of deposition cycles. Ru content increases with increase in deposition cycle of RuO 2 .
Electrochemical studies
The typical cyclic voltammetric behavior of pure SnO 2 film prepared by SILAR method and SnO 2 -RuO 2 mixed films is measured in 0.5 M H 2 SO 4 electrolyte in the potential range of − 0.2 to +0.6 V vs. SCE at 5 mV/s scan rate is shown in Fig. 5a capacitance due to the absence of redox reactions in the given potential region with negligible current response in microamperes. The observed double-layer capacitance for SnO 2 is about ~ 4 F/g that is very small and can be neglected.
The increase in the current response is observed only after the introduction of RuO 2 into SnO 2 . The CV curves for the mixed film shows that the characteristic of the capacitance is different from that of the electric double-layer capacitance, in which the CV curve is close to the ideal rectangular shape. From a comparison of curves (b) to (e) in Fig. 5 , an obvious decrease in the voltammetric current and less symmetric I-V curves are found for more SnO 2 cycles samples. The small capacitive current measured for potentials below +0.4 V vs. SCE is commonly attributed to the high density of bound water, and OH − formed on the surface of RuO 2 particles [22] . This water plays the role of a potential barrier for the electrons hindering the electron hopping process between the particles of the material.
The total specific capacitance (denoted as C S,T ) and the specific capacitance based on RuO 2 (denoted as C S,Ru ) can be estimated from a cyclic voltammogram according to Eqs. (6) and (7) [22] [23] [24] .
where ∫ Idt is the total current obtained by integrating area under the curve, m is the mass of the electrode, ΔV is the electroactive potential range for electrode, and C S, T , C S, Ru , C S, Sn and w Ru are the specific capacitance of mixed film, RuO 2 species, bare SnO 2 , and the weight fraction of RuO 2 within the mixed film, respectively.
The dependence of C S,T , and C S,Ru on the Sn and Ru content for samples S1 to S4 is shown in Table 3 . The C S,T of the film is increased from sample S1 to S3 with maximum value of 185 F/g after that it decreased to 81 F/g for sample S4. The C S,Ru value is also increased from 33 to 1010 F/g from sample S1 to S3 after which it decreased to 389 F/g for sample S4.
For sample S4, the value of C S,Ru is less compared with sample S3, which means utilization of RuO 2 is poor for sample S4. Thus, sample S3 is found to be a better sample for the production of SnO 2 -RuO 2 mixed films with better utilization of RuO 2 .
Charge discharge study
Chronopotentiometry is used for the charge-discharge study of the samples (S1, S2, S3, and S4) from − 0.2 to +0.6 V (6)
vs. SCE at the current density of 1 mA/cm 2 in 0.5 M H 2 SO 4 electrolyte as shown in Fig. 6 .
The discharge profile usually contains two parts, first a resistive component arising from the sudden voltage drop representing the voltage change due to the internal resistance and a capacitive component related to changes in energy within the capacitor. An IR drop is observed in the each sample, which is attributed to the internal resistance of the electrode material. It is also observed that the IR drop is more for samples S1 (3:1) and S2 (1:1) and is decreased in samples S3 (1:3) and S4 (3:2). The large IR drop (421 mV) was observed for sample S1 (3:2). Moreover, comparatively less IR drop (91 mV) was observed for sample S3 (1:3) The sample S3 shows the good discharging behavior with large discharge time compared with other samples, which is responsible for its high specific energy. The values of specific power (SP) and specific energy (SE) are from earlier reported formulas [14] . The obtained values of the SE and SP are given in the Ragone plot as shown in Fig. 6a . The Ragone plot for mixed films shown in Fig. 6b shows that sample S3 (1:3) exhibits the specific power of 0.839 kW/kg and specific energy 11.18 Wh/kg. In addition, long cycle stability is vital parameter for the electrode material to apply effectively in supercapacitor. Therefore, the stability of the best sample (sample S3) was checked using cyclic voltammetry at higher scan rate of 100 mV/s over 2500 cycles. The stability curves for 1st and 2500th cycles are given in Fig. 7 . It is observed that the CV curve shows the small variation even after 2500 cycles showing the good stability of the electrode material. The specific capacitance decreases from 45 to 39 F/g, which shows the 85% stability over the 2500 cycles.
Electrochemical impedance analysis
To investigate the electrochemical characteristics of the electrode and the electrolyte in quantitative manner impedance measurement is performed. The electrochemical impedance measurement (at open circuit voltage, in the frequency range of 10 5 to 10 −2 Hz) of the SnO 2 -RuO 2 mixed film for sample S3 (1:3) is carried out in 0.5 M H 2 SO 4 . The Nyquist depiction (Zʹ vs. Z″) of the raw impedance data for the sample S3 is shown in Fig. 8 .
For the convenience of the interpretation, this plot can be divided into high-and low-frequency regions. The presence of semicircle in the high-frequency area suggests that there is a charge transfer resistance, while the straight line in the low-frequency region angled of the ~ 45° to the real axis is attributed to the capacitive behavior. Figure 8 shows the Nyquist plot for sample S3 as this sample showed good supercapacitive properties compared with other electrodes. A semicircle is observed at higher frequency region and straight line in low frequency region. In the Nyquist plot the value of semicircle corresponds to charge transfer resistance of the electrochemical reaction on the electrode surface. The values of charge transfer resistance for sample S3 are 24 Ω.
Bode representation of this data for sample S3 is shown in Fig. 9 . The Bode plot at a phase angles of 34° and 82° reflects 82% and 23% of the power correspond to the heat production at the internal resistance. The loss factors of electrode 0.23 and 1.48 are calculated at a frequency 0.17 Hz and of 0.87 kHz, respectively, in the lower and higher frequency region. The relaxation time constant (τ 0 ), calculated (plots of C″ (ω) vs. frequency) is shown in Fig. 10 .
Relaxation time (τ 0 ) for the sample S3 is found to be 1.4 s. The τ 0 is a critical factor, which decides the applicability of electrode material according to energy demand. Small relaxation time constant value exhibits a fast energy release capability of the electrode, to provide higher power density.
Conclusion
In 
